In the 2014 year's campaign of Experimental Advanced Superconducting Tokamak (EAST), a series of Magnetohydrodynamics (MHD) instabilities were observed as the launching of Neutral Beam Injection (NBI), the most interesting one of which is the neoclassical tearing mode (NTM). Evidence clearly shows that a kink mode present after a strong sawtooth-like (ST-like) crash leaves a perturbation near the location of the magnetic island, providing the initial seed. The interaction of energetic ions makes the magnetic island oscillate both in island width and in rotation frequency. Analysis indicates that the bulk plasma still 2 dominates the dynamics of NTM, and the orbit excursion of energetic ions induces a polarization current and modifies the width and rotation frequency of the neoclassical magnetic island.
Introduction
The neoclassical tearing mode (NTM) is an important magnetohydrodynamics (MHD) instability, the presence of which can significantly limit the performance of high-β plasma ( β is a ratio of plasma thermal pressure to the magnetic pressure which is an important parameter to measure the confinement efficiency of a fusion device) [1] .
The NTM is linearly stable, and is nonlinearly destabilized by a perturbed bootstrap current from the magnetic island, and the local flatting of current and pressure profile is the main difference from the classic tearing mode [2] [3] . Both experiments and theories indicate that the width of a neoclassical magnetic island is proportional to the plasma poloidal p β , and the scale length of safety factor gradient q L , but inversely to the scale length of pressure gradient p L [4] [5] [6] . Based on understanding of NTM stability, active control has already made large progress and been broadly discussed in several devices such as DIII-D [7] [8] , ASDEX-Upgrade [9] [10] , JET [11] , and JT-60U [12] etc.
Up to the present, it is still effective to use neutral beam injection (NBI) to obtain a high-β discharge with flexible control of pressure 3 profiles [13] [14] . In this scenario, energetic ions are unavoidably brought into bulk plasmas. It was first observed in ASDEX-Upgrade that the neoclassical tearing mode interacted with energetic ions [15] [16] [17] . It was also reported that the trapped energetic ions resonate with a kink mode (fishbone [18] or off-axis fishbone [19] [20] ) leading to the frequency chirping-down MHD perturbations due to a wave-particle resonance [21] [22] [23] . It was then found that resonance can occur between circulating energetic ions and the kink modes [24] [25] . On the other hand, energetic electrons have similar effects on kink modes due to drift-reversal for the barely trapped electrons or due to the negative magnetic shear for the passing particles [26] [27] [28] [29] . Moreover, energetic electrons in the trapped-passing boundary are recently found to interact with a tearing mode leading to chirping-down of magnetic island rotation frequency in the lower collision region [30] [31] [32] . Furthermore, there are theories predicting that the energetic ions bring in kinetic effects on tearing modes (TMs) and NTMs [33] [34] [35] . However, experimental study is rare concerning the NTM dynamics influenced by energetic ions in tokamaks. This is probably due to the fact that the interaction only occurs near the island and is easily concealed by other strong interaction such as that between energetic ions and global kink modes (e.g. fishbone).
We describe the experimental scenario of NTM excitation in Section 2, show the effects of energetic ions on MHD modes in Section 3, and 4 analyze the dynamics of NTM in Section 4. A summary will be presented in Section 5.
Experimental scenario of NTM excitation
The operation scenario in this study is as follows: the plasma current is 500 kA, the central line-average density is 3 has two ion sources, both of which are in the co-current direction. But, they have a separation of 8.7 degree in the toroidal direction [36] [37] . In experiments, the operators usually start one ion source with a time delay (It is usually the less tangential one from the consideration of current drive and plasma stability.) after launching the first (more tangential).
Interesting MHD activities were observed when the less tangential one was launched.
The MHD instabilities are summarized in the internal inductance decrease with the plasma beta, even the torodial magnetic field, the plasma currents, and the plasma shaping parameters are controlled by setting the plasma control system (PCS). However, as the NBI (the less tangential beam line) is launched the plasma β easily increase above unity for both the poloidal beta p β in figure 1(a) and the
, β is the ratio of the plasma pressure to the toroidal magnetic pressure, p I is the plasma current, a is the minor radius and B is the toroidal magnetic field.) in . After these points are reached, it is observed that energetic ions interact with MHD modes including the kink modes and neoclassical tearing modes (the mode relevant to energetic particles is labeled as an EP-mode which is not the well-known energetic particle driven mode). Besides, strong sawtooth-like (ST-like) crashes are usually present. In figure 1(a) , a slope line This ST-like crash is not triggered by the ELM, which can be clarified in figure 3 . Obviously, the ELM leads to the electron temperature decreasing at edge ( analyzed in previous paper [39] , and will not be repeated here.
With above observations, it can be inferred that the center safety factor 0 q is below unity, and the q=1 rational surface is at the phase-reversal surface is used when the center safety factor moves to unity from above, because there is no q=1 rational surface in the plasma [42] [43] [44] . In contrast, the center safety factor moves to unity from below in present experiments.
We do not want to bring in a new name, and will use the 'kink-like' for modes with a flat central q-profile with However, the perturbed region in the inner is much broader than the outer perturbed region. This is actually due to the fact that this magnetic island is driven by a branch perturbation of the inner kink-like mode. It can be seen in figure 7 ) around a rational surface demonstrating a characteristic of magnetic island. Actually, the MHD mode is a m/n=2/1 mode by analyzing spatially distributed Mirnov coils which rotates in the direction of ion diamagnetic drift. The excitation is due to the residue perturbation near the q=2 rational surface which is driven by the m/n=1/1 kink-like mode in the core. By the way, the excitation of NTM by mode coupling has been observed in EAST previously [45] .
Effects of energetic ions on MHD modes
The interaction of energetic ions with MHD instabilities is shown in This can be further illustrated in comparing frequency spectra of SX signals on different chords from the plasma core to edge in figure 9.
Figure 9(a) shows two frequency bands at f=8.5kHz and f=17kHz. After t=5.44s, the frequency spectrum at the lower frequency band is smooth which does not show interaction of energetic ions with the mode.
Actually it is a kink-like mode which still exists after the ST-like crash.
However, the frequency (f=17kHz) of its secondary harmonic is near the bottom of the chirping-down frequency dragged down by energetic ion precession. The effect of energetic ions gets stronger on more outer chord which is nearly equal to that in figure   7 . Besides, it seems that there are other weak perturbations as indicated by the horizontal dash line. The radial location is occupied by the kink-like mode as indicated in figure 11(c) . In contrast to that in figure 7 , it is obvious that the NTM interacting with energetic ions provides a perturbation to the kink-like mode in this phase. This may explain why both in-phase and phase-reversal oscillations coexist after the ST-like crash in figure 6 .
Analysis of the NTM dynamics
The interaction of energetic ions with the NTM does not lead to the usual frequency chirping down on the time frequency spectrum of fluctuating signals. One of reasons is that the location of the NTM is away from the major confinement region of energetic ions so that the direct resonant interaction via wave-particle can not occur. On the other hand, even in the major confinement region of energetic ions, it was observed that the frequency chirping-down only occurred around the secondary harmonic of kink-like mode while the fundamental mode was weakly modulated (The frequency spectrum does not show the chirping-down evolutions).
The frequency (about f=17kHz) is not equal to the value of precession frequency of energetic ions in current energy range (f=21kHz) which can 15 be observed on spectrum of SX and ssNPA signals before the ST-like crash. It should be noted that the ST-like crash redistributes energetic ions modifying the precession frequency, and the evolution of the q-profile after the ST-like crash may also change the frequency of the mode a little.
Nevertheless, the characteristic of frequency evolution in figure 9 implies that the kink-like mode belongs to MHD mode with frequency dominated by the bulk plasma, different from the energetic-ion-driven modes whose frequencies are determined by the energetic ions [47] . This is probably due to the fact that the population of trapped energetic ions is small in current NBI heating, easily thermalized by collisions with the bulk plasma reducing the resistivity. This is illustrated by the continual decrement of internal inductance. Of course, the effect of the fast ion current drive is not neglected. As noted in previous papers [31] [32] , the collisionality is a very important parameter for investigating the interaction between energetic particles with MHD modes. In the present scenario, a higher collisionality is anticipated because the parameters (lower temperature and higher density) of the bulk plasma are not enough high and the plasma beta ( β ) is still marginal to trigger these MHD instabilities. From this aspect, the modes mainly reflect the MHD behaviors of the bulk plasma, with frequencies weakly modulated by energetic ions. In this paper, the interaction of kink-like fundamental mode with the energetic ions will not be further analyzed. Instead, we 16 focus on the NTM dynamics.
As indicated previously, the rational surface (round The banana orbits of energetic ions are analyzed by the orbit code 'ORBIT' which was developed in 1980's [48] . The enrichment by considering the effect of MHD perturbations on particle dynamics was also finished recently [49] . This code is applied to check the change of energetic ion orbits. The results are shown in figure 13 where the orbit without NTM perturbations is illustrated in (a). The banana orbit is closed (the staring and ending points repeat). However, once a magnetic island is included the orbit demonstrates a radial shift (i.e. excursion) as illustrated by the arrow in figure 13(b) . The radial shift of energetic ion orbits would result in a neoclassical polarization current which is as follows [50] With a specific shape of electric potential (the gradient of electric potential is the electrical field), it was demonstrated that the radial motion of energetic ions modifies not only the width of neoclassical island but 18 also the rotation frequency [51] [52] [53] :
The coupled equations (3) and (4) It is also necessary to indicate that the onset of the NTM mode needs the trigger of ST-like crash in these experiments. The above analysis only clarifies the important effect of energetic ions on the nonlinear evolution, not referring to the onset of NTM. However, the energetic ions polarization current may be significant to that when the rational surface of NTM is located in the confinement region of energetic ions. This will be further analyzed in comparative experiments.
Summary
The dynamics of the NTM has been analyzed in detail including its excitation which is triggered by the ST-like crash and the characteristic of nonlinear evolution which is modified by energetic ions. The interaction of energetic ions with the NTM is weaker than that with the kink modes.
Analysis indicated that the kink modes locate at a more inner region where trapped energetic ions are confined. In contrast, the NTM exists at a more outer region which is influenced by the radial excursion of energetic ion orbits. Both the width of neoclassical island and the rotation 
